Abstract. Environmental assessments of regional development projects have been used in Mexico to determine where conflicts between conservation of biodiversity and resource extraction are likely to occur. Species-rich areas have been acknowledged as a priority for conservation. However, biological information is incomplete and biased toward accessible sites, so species-rich areas cannot be depicted directly from current biological knowledge.
INTRODUCTION
Concern over global change and widespread loss of biological diversity has resulted in laws and policies in favor of environmentally sound development and biodiversity conservation (UNEP 1992) . Governments all over the world and multinational development banks are implementing environmental assessments (EA) as environmentally sound procedures aimed at development planning (Goodland 1988 , Davis 1989 . In Mexico, EAs are prerequisites for the approval of development projects (Boj6rquez-Tapia 1989) .
Consequently, EAs must provide elements for integration of natural resources management and conservation endeavors into regional development projects. Such integration implies that areas with the greatest potential for conflict between conservation and resource extraction have to be located and protected (Blockstein 1990 , Davis et al. 1990 .
Conflicts between conservation and resource extraction are prone to occur on species-rich areas, which are 1 Manuscript received 27 May 1993; revised 20 January 1994; accepted 21 January 1994. critical for biodiversity protection. Species-rich areas are critical because they tend to support more uncommon species (Patterson 1987, Wright and Reeves 1992) and their protection optimizes resources for conservation (Rapoport et al. 1986 , Scott et al. 1987 , 1988 , 1993 . Gap analysis is an approach used for identification of such areas. The technique consists of geographic information system (GIS) overlays of biological distribution data on a map of existing nature reserves, so results depict which species-rich areas are or are not protected (Scott et al. 1987 (Scott et al. , 1988 . Alternatively, if the relationships between species richness and ecological factors are known, modeling through gap analysis can predict where species richness is likely to be the greatest (Davis et al. 1990 ). This approach has been recommended to locate possible nature reserves when biological inventories are incomplete (Austin et al. 1984 , Margules and Stein 1989 , Nicholls 1989 .
This article presents the results of modeling through gap analysis to identify priority areas for conservation in the Mexican states of Guerrero and Oaxaca. The study is timely because, despite the biological importance of these states, a forestry development project is being planned without proper regard to conservation (Boj6rquez-Tapia and Ongay-Delhumeau 1992). We also describe how a map of species-rich areas can be obtained with a minimum of information from biological inventories. The approach yields results useful for identification of critical areas for conservation, under the typical conditions of EAs and biological data constraints in Mexico (Boj6rquez-Tapia 1989 , Boj6rquez-Tapia et al. 1994 .
STUDY AREA
The Mexican states of Guerrero and Oaxaca comprise = 160 230 km2, along the southwestern Pacific coast of Mexico (see Fig. 9 ). The region is characterized by a complex mosaic of vegetation types and ecological conditions (Flores-Villela and Gerez 1988) , produced by its location along the biogeographic transition zone between neotropical and boreal biota (Rzedowski 1991) , with rough topography, and variable climate (Garcia and Falc6n 1980) . Mean annual temperature ranges between 8° and 30°C, and mean annual precipitation ranges between 500 and 4000 mm (INEGI 1982a) .
Guerrero and Oaxaca are, respectively, the fourth and the first states in number of terrestrial vertebrate species in Mexico (Flores-Villela and Gerez 1988) . Vascular plant diversity is equally high: estimations of the total number of species for the two states range from =8000 (Lorence and Garcia Mendoza 1989) , to 9000 species (Rzedowski 1991) , and around 30% of the plant species probably are endemic to Mexico (Rzedowski 1991) . The biological importance of the two states increases when one considers that Mexico is a "megadiversity" country because of its total number of species and high levels of endemism (McNeely et al. 1990 ).
Twenty vegetation types are found in Oaxaca, and thirteen in Guerrero. Coniferous forest, oak forest, tropical deciduous forest, and tropical evergreen forest are the main vegetation types in Oaxaca, while oak forest and tropical deciduous forest are the main vegetation types in Guerrero (Flores-Villela and Gerez 1988) .
The two states contain extensive unmanaged forest. It is estimated that commercial forests in the two states cover 4.2 X 10 6 ha (32% of Mexico's total) and contain 24% of the nation's total timber volume (SARH 1980) . A development project has been proposed to capitalize on those forest resources, but without proper consideration of biodiversity conservation (Boj6rquez-Tapia and Ongay-Delhumeau 1992).
Despite their biological importance, <2% of the total area of the two states is under some form of protection (Flores-Villela and Gerez 1988) .
METHODS
Typical environmental assessments in Mexico are short-duration studies, performed with limited funds and baseline information (Boj6rquez-Tapia 1989). Given these constraints, readily available biological data on endemic terrestrial vertebrates for the region were compiled from collections in Mexico and from the literature. A thorough description of the data is reported elsewhere (Boj6rquez-Tapia et al. 1994) .
Endemic species were used because of the following reasons: (1) It would be impossible to handle the total number of species of the region under the time restrictions of an EA; (2) endemics have been considered extinction-prone (Terborgh 1974 , Terborgh and Winter 1983 , Diamond 1986 ); and (3) endemics were assumed to be suitable indicators of species-rich areas, since it has been observed that species distributions exhibit nonrandom patterns (Patterson 1987, Patterson and Brown 1991) . The criteria used for endemism were that species had to be endemic to Mexico and distributed in Guerrero and Oaxaca.
Data on endemic species were compiled from the literature and from biological collections. Literature data sources included: for amphibians and reptiles, Flores-Villela (1993); for birds, Friedman et al. (1957) and Flores-Villela and Gerez (1988) ; and, for mammals, Ramirez-Pulido et al. (1982) . The consulted collections were the Instituto de Biologia (IBUNAM) and the Museo de Zoologia Alfonso L. Herrera de la Facultad de Ciencias (MZFC), both at the National Autonomous University of Mexico (UNAM) in Mexico City.
The data consisted of species names and collection sites. Each collection site was georeferenced mainly on a 1:250000 topographic map (INEGI 1982b) and, if necessary, on 1 :600 000 or 1 :800 000 highway maps (SCT 1987a, b) . Geographic coordinates of collection sites were also obtained from Binford (1989) , Godwin (1969) , and Office of Geography (1956) . Repeated collection sites for a single species were not compiled into the data base.
The following 1: 1 000000 maps of the region were digitized by means of the geographic information system (GIS): soil types, soil phases, mean annual precipitation, mean annual temperature, vegetation, topography, and physiography (INEGI 1982a) . The GIS consisted of three programs: AU2 (ICFA 1987) , Roots (Corson-Rikert 1990) , and CI/SIG (Conservation International 1992) . The maximum resolution of our raster system (l-km2 cell size) was used to minimize the "ladder effect" of digitized maps at the category boundaries of the environmental variables.
The geographic coordinates of all collection sites were transferred to the GIS. The digitized maps were then overlaid on the map of collection sites to characterize these sites environmentally. Results from the overlays were transferred to matrices of species and environmental variables. From these matrices, the corresponding contingency tables were prepared for the subsequent ordinations. The contingency tables consisted of the number of observations by species and by variable state or category (for example, number of observations of a species within the 8-IO°C category).
Modeling was carried out by means of ordinations, through correspondence analysis of species and environmental variables (CASEV; Montana and GreighSmith 1990) , and generalized linear models (GUM; Nicholls 1989 , Atkin et al. 1990 ). We used both OR-DEN version 1.4, by E. Ezcurra (unpublished program), and GUM version 3.77 (Royal Statistical Society 1985) for all the statistical analyses. CASEV was used to detect the relations between ecological factors and species distributions. The relationships between ordination axes and environmental variables were evaluated by visual examination. Thus, it was possible to: (1) select the environmental variables that better explained distribution patterns, and (2) identify groups of assemblages of species with similar ecological requirements. For each of these groups, a frequency matrix was prepared, using the environmental variables. To avoid altering the total deviance, nonexistent combinations of values between the environmental variables were eliminated from the analysis.
Log-linear models were fitted to the frequency matrix of each species assemblage (Atkin et al. 1990 ). The models were evaluated by coefficients of determination (r 2 ) and significance (P < 0.001) for the linear terms, and by significance (P < 0.05) for the quadratic terms.
Coefficients of determination were estimated by:
where the "deviance", or measure of goodness of fit of the model to the data, was the chi-square function:
The selected models were then used to predict the frequency of species for each species assemblage. The input values for the models were obtained from the species and environmental variables matrices (nonexistent combinations of values were omitted). Results were plotted as a function of the two main variables to obtain a response surface for each species assemblage (Ezcurra et al. 1987) .
Some models were validated using available information that was not included in our data base. By means of a chi-square test, predicted and observed frequencies were compared for one species assemblage of reptiles, two species assemblages of birds, and three species assemblages of mammals. Observed frequencies were obtained from the following data sources: Morales-Perez and Navarro-Sigiienza (1991) , Flores-Villela and Munoz-Alonso (1993), Jimenez-Alvarez et al. (1993) , Navarro and Escalante-Pliego (1993) , L. A. Pena-Hurtado (unpublished manuscript).
The GIS was employed to identify where speciesrich areas were likely to occur. The combinations of variables that predicted the highest frequencies of species were mapped. This was in fact a map of predicted distribution of species assemblages. However, if a model could not be fitted to a species assemblage, the observed variable combinations with the highest frequencies were mapped. The final map was drawn by means of overlaying all the predicted distributions together and, to increase the accuracy of the predictions, the vegetation-type map. Predicted species-rich areas were ranked according to the number of species assemblages that coincide in the same zone; thus, category 1 corresponded to one species assemblage, category 2 corresponded to two species assemblages, and category 3 corresponded to three or more species assemblages.
RESULTS
The following matrices (species X environmental variables) resulted from the overlays: amphibians (376 X 7), reptiles (1166 X 7), birds (388 X 7), and mammals (530 X 7). From these matrices the following contingency tables (species X categories of environmental variables) were obtained: amphibians (62 X 55), reptiles (159 X 62), birds (50 X 61), and mammals (55 X 64).
Thirty-two groups of species with similar ecological requirements (7 assemblages for amphibians, 10 for reptiles, 8 for birds, and 7 for mammals) were obtained' from correspondence analysis of species and environmental variables (CASEV; Montana and Greigh-Smith 1990) (Table 1, Figs. 1-4, Appendix). The variables that explained the highest variance differed between classes of terrestrial vertebrates but, in general, they were mean annual temperature, mean annual precipitation, elevation, and vegetation type (Table 2) . However, other variables contributed greatly to the variance: landform, soil phase, and soil unit for mammals, and soil unit for amphibians, birds, and reptiles (Table 2) . Nevertheless, elevation and mean annual temperature were highly correlated (r 2 = -0.8), so elevation was discarded from further analyses. Likewise, vegetation type was an ordinal variable, so we decided not to include it in GUM (generalized linear models; Nicholls 1989 , Atkin et al. 1990 ), but rather to use it as an additional overlay to increase mapping accuracy.
Frequency matrices were built from mean annual temperature (12 categories) and from mean annual temperature and mean annual precipitation (15 categories). Since nonexistent combinations of values between these orthogonal environmental variables were eliminated, the frequency matrices contained a total of 106 cells.
Significant fits of GUM were possible for 25 assemblages (Table 3 , Figs. 5-7) of the original 32 groups of species (Table 1 ). The general model consisted of five terms:
where y is the predicted frequency of number of species, t is mean annual temperature, and p is mean annual precipitation. The importance of each term (indicated by the coefficients b-g) varied between models (Table  3) . Validation of the models through the chi-square test demonstrated that the differences between predicted and observed frequencies of species were not significant (Table 4) . The response surfaces depicted the distribution gradients for 23 species assemblages (Figs. 5-7) . Within the plotted range, some predicted frequencies for species assemblages responded to low mean annual temperature and low mean annual precipitation (mammals 1, 2, and 3; reptiles 2, 3, and 4; amphibians 6; and birds 7 and 8), some responded to moderate mean annual temperature and low mean annual precipitation (reptiles 6 and 7), some reacted to low mean annual temperature and from low to high mean annual pre- cipitation (mammals 6 and 7; reptiles 6 and 7; amphibians 1; and birds 1 and 2), and others reacted to rather extensive gradients (birds 3, 5, and 6; mammals 4 and 5; and amphibians 2 and 5).
Predicted distributions of species assemblages covered a large proportion of the study region (Fig. 8) . However, when the areas were ranked with respect to the number of taxonomic classes contained, the predicted species-rich areas could be easily detected (Fig.  9 ). These areas are located along the Sierra Madre del Sur and Sierra de Juarez (Fig. 9) . Given a l-km 2 cell size, category 3 covered 1526 km2, category 2 extended over 7788 km2, and category 3 occupied 24735 km 2 . conservation of biological diversity (UNEP 1992). As part of these policies, environmental assessments (EAs) are required for regional development projects. EAs are procedures aimed at environmentally sound development planning. Likewise, EAs are expected to use biological inventories as baseline information to achieve two important objectives: (1) to evaluate if a project conflicts with biodiversity protection, and (2) to set the basis for a regional conservation strategy (Goodland 1988) . The two objectives require pinpointing areas with the greatest potential for conflict between conservation and resource extraction (Blockstein 1990) . Such conflicts are likely to occur in species-rich areas, since they are critical for biodiversity protection (Rapoport et al. 1986 , Scott et al. 1987 , 1988 .
Gap analysis is a technique designed to identify priority areas for conservation by comparing the location of existing nature preserves with the location of species-rich areas (Scott et al. 1987 (Scott et al. , 1988 . To locate species-rich areas, this approach utilizes GIS (geographic information system) maps of species distributions, which are generated from four sets of information: (1) a digitized map of vegetation types; (2) a digitized map of geographic entities; (3) a data base that assigns the presence or absence of a species to the geographic units; and (4) a data base that associates each wildlife species with a set of preferred vegetation cover types (Scott et al. 1993 ). However, incomplete biological data and lack of upto-date cartography hamper comprehensive assessments of biodiversity through the original gap-analysis approach. In most parts of the world, current biological data is limited by sampling artifacts, such as biases towards field stations or accessible sites (Nelson et al. 1990, Pearson and Cassola 1992) . In the case of Guerrero and Oaxaca, biological data are concentrated along major highways and accessible sites (Boj 6rquez-Tapia et al. 1994), and vegetation type maps are based on 15-yr-old baseline information (lNEGI 1982a ).
An alternative approach is essential, since it is unrealistic to postpone a development project until complete information is available. Consequently, a predictive approach is needed to assess species distribution patterns and to identify species-rich areas. Such an approach must yield a sound assessment in a short time and with limited baseline information. Multivariate models have been used to predict species distribution patterns with limited biological data (Austin et al. 1984 , Miller 1986 , Ezcurra et al. 1987 , White and Miller 1988 , Margules and Stein 1989 , Nicholls 1989 , Mon- tana and Greigh-Smith 1990, Kramen 1992) . Likewise, GISs have been utilized to map the species distribution patterns predicted from the multivariate models (Miller et al. 1989 , Davis et al. 1990 , Walker 1990 ).
Thus, a feasible procedure is to generate a map of predicted species-rich areas that can be overlaid on maps of projected land use. The end product would be a map that shows conflicting areas that should be protected and surveyed in more detail. Furthermore, specific biodiversity protection guidelines can be prescribed for those areas to withhold development until field validations take place (for example, restrictions on forestry operations).
Our study demonstrates that a map of predicted species-rich areas can be generated under conditions of EAs in Mexico. To overcome the limitations imposed by baseline data and regional scale, the approach consists of: (1) the use of a data base of collection sites, (2) relating that data base to a set of environmental variables through a GIS, (3) using ordination techniques (CASEV; Montana and Greigh-Smith 1990) to depict the relations between richness and environmental variables, (4) using the main variables to formulate the generalized linear models that predict the greatest likelihood of finding a species-rich area, and (5) mapping the predictions of the model by means of a GIS.
This statistical procedure utilizes almost all the available information on endemic species (see Bojorquez el al. 1994) , takes into account the data constraints, and produces areas with precise boundaries at an adequate scale for an EA. In contrast, global (Vane-Wright et al. 1991, Pearson and Cassola 1992) or regional (Fa 1989) biogeographic analyses are inappropriate for an EA because they do not identify specific areas, since maps at rather small scales are not useful for identifying specific areas. Although the validation of some of the linear models makes us think that the analysis is robust (Table 3) , it has to be noted that the results depend on the accuracy of small-scale maps, and the number and composition of species assemblages derived by ordinations. Therefore the models are vulnerable to error propagation, and the results may vary depending on the spatial resolution and the criteria used in the ordinations for obtaining species assemblages.
The results (Table 2) show that mean annual precipitation, mean annual temperature, elevation, and vegetation are, in general, good predictors of species richness, while the other variables are good predictors for distinct groups: soil unit for amphibians, birds, and reptiles, and landform, soil phase, and soil unit for mammals. Similar patterns have been found by other authors. For example, Miller et al. (1989) report that soil and vegetation are good predictors of rare bird distribution in Tanzania; Rabinovich and Rapoport (1975) correlate passerine bird species richness to temperature, precipitation, topography, and vegetation; and Fa (1989) and Robertson (1975) associate mammal species richness and abundance with elevation and vegetation.
In general, patterns of species richness have been related to environmental productivity (Abram sky and Rosenzweig 1984, Owen 1990) , while endemism in Guerrero and Oaxaca has been correlated with elevation (Peterson et al. 1993) . Therefore, our results can be partly explained by the relationship of the environmental variables to productivity at the scale of our study. Habitat productivity is correlated with climatic t X2, P = 0.14.
variables, such as precipitation and temperature, and to landform and soils. Climatic variables explain variation at small scales; at medium scales, the broad climatic patterns are modified by landform because landforms control the intensities of key factors important to vegetation productivity and soil development; and at micros cales , the broad patterns are controlled by edaphic factors (Bailey 1985 (Bailey , 1987 . Considering that most endemic species are small, a case can be made that the high contribution of soil phase to the variance for mammals and of soil unit for the other three classes is related to distinct habitat requirements controlled by edaphic factors.
Our approach permits the use of a large number of species in the analysis because a minimum of data is necessary: geographical coordinates of collection sites and maps of environmental variables. These kinds of data are readily available in herbaria, museums, literature (Boj6rquez-Tapia et al. 1994) , and official cartography (INEGI 1982a) . Consequently, both data on species habitat preferences and a digitized map of geographic entities are unnecessary. This is crucial for cases analogous to our study because habitat preferences are unknown for most species and geographic entities maps are yet to be produced in mQst parts of the world.
Species distributions are predicted in our approach from georeferenced records of collection sites to avoid the use of a coarse grid map. Such maps divide a region into rather large squares of arbitrary size (for example, 10 X 10 km) and species presence/absence within each square of the grid is recorded (see Fa 1989 , Miller et al. 1989 , Davis et al. 1991 . These maps are of limited application for our case because of the complexity of the region, biases of biological data (Boj6rquez-Tapia et al. 1994) and the lack of a habitat-range map with precise boundaries to minimize overestimation of the distributions (Davis et al. 1991 ).
An important aspect of our study is the use of endemic terrestrial vertebrates. Endemics are used for two reasons: (1) endemics are considered extinction-prone but suitable for protection with relatively small investments (Terborgh 1974 , Terborgh and Winter 1983 , Diamond 1986 , and (2) data on the total number of species of Guerrero and Oaxaca would be impossible to handle under the time restrictions of an EA (Boj6r-quez- Tapia et al. 1994 ). Endemic species have been used to identify priority areas for conservation elsewhere (Terborgh and Winter 1983, Diamond 1986) .
Therefore, the detected species-rich areas in our study correspond to centers of endemism. Though this might be regarded as a bias towards endemics, species distributions have been observed to follow nonrandom patterns, especially in complex and environmentally fragmented regions such as Guerrero and Oaxaca. Nonrandom patterns of species distributions presuppose that different species assemblages are samples from the same species pool (Patterson 1987 , Patterson and Brown 1991 , Wright and Reeves 1992 ; hence, sites occupied by assemblages of narrowly distributed species must correspond with sites occupied by more widely distributed species. Since richer sites support a greater number of uncommon species (Wright and Reeves 1992) , endemic distribution patterns should reflect specific conditions that are related to local species richness.
The use of endemics also assumes that current biodiversity patterns should result from ecological and geographic changes, as suggested by vicariance biogeography (Croizat 1958 , 1962 , Croizat et al. 1974 ). Thus common distribution patterns of biota may exist because such changes affect all biota. Evidence of distribution patterns of biota has been detected: (1) the "generalized tracks" (similar distribution patterns) of highly mobile groups, such as butterflies and birds, and sedentary groups, such as apterous insects (Croizat 1958 , Nelson 1973 , Croizat et al. 1974 ; (2) the relationship between distribution patterns and centers of endemism; and (3) the relation between speciation of birds and centers of endemism (Cracraft 1982) .
Consequently, at least in principle, species-rich areas can be located by means of identifying centers of endemism. Through the protection of species-rich areas, it is possible to simultaneously preserve both the endemics (which are the ones in urgent need of preservation) and more widely distributed species. However, the location of species-rich areas depends upon the scale and taxon used (Davis et al. 1991) . If the scale is too small, transition zones may not be detected, and the location of the species-rich areas of one taxonomic class may be separated from other classes' positions. In our study, the detection of species assemblages through ordination allows us to determine species-rich areas independently from the taxa. Therefore, richness ..... . ,,\l~t ,~. '-....
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With respect to transition zones, these can be examined by means of the response surfaces (Figs . 5-7) . As an aftermath of the ordination analysis, predicted hjghest frequencies for species assemblages within a class are obtained from differen't co mbinati ons of values of the main variables. Since the hi ghest predi cted frequencies never coincide, tran sition zo nes can be depicted by examining the response surfaces of two or more species assemblages and pinpointing where the lower frequencies cross. If necessary, the values of the variables can be read directl y from the corresponding charts and then mapped through the GIS .
Examin ation of response surfaces serves to determine which additional species assemblages are co ntained by a predicted species-rich area, regardless of its rank. Response surface s can also be classified according to a threshold value relative to the maximum predicted frequencies; in thi s way, overlapping of species distributions can be increased sin ce wider variable value combinations are involved . For example, consider the maximum frequencies and a categor y-2 species-rich area, namely, the one that is composed of species assemblages 6 for amphibians and 7 for birds (Fig. 9) ; this should also contain species assemblages of birds 5, 6, 7, and 8, amphibians 5, reptiles 2, 3, and 4. and mammals I. 2. and 3 (Figs. 5-7) .
Priority consideration for es tablishing new nature preserves should be given to ranks 3 and 2 (Fi g. 9), so these areas should be surveyed in detail. For areas of rank 1, the legally required environmental impact assessmenls fo r the fo restry operations should give special attention to the protection of important habitats for the particular species assemblages.
A more accurate priority ordering can be obtained by overlaying the species-rich areas map on both a map of proposed fo restry operations and a vuln erability map. Consequently, detailed surveys should include, on the one hand , (1) a biological inventory, (2) a fieldverified vegetation map, (3) an appraisal of minimum areas needed for biodiversity protecti on, and (4) location of landscape corridors connecting areas of high species richness, and , on the other hand, (5) an appraisal of development pressure, including such factors as popUlation, road den sity, land ownership, and land man agement. Thus, our species-rich area map can be viewed as a first step in a multistage sampling system (see Myers and Shelton 1980 ) that provides preliminary information about where detailed co nservation su rveys should be co nducted.
CONCLUSIONS
Biased and limited biological data on species distribution s are a major obstacle for identifying priority areas for conser vation. Hence, a predicti ve approach is needed to supply timely information for EAs of regio nal development projects . Multivariate models and GIS can be used to identify species-rich areas and centers of endemism on which to base conservati on decisions.
The approach presented in thi s article optimizes the use of current bi ological information for environmental planning. By ranking the predicted species-rich areas, appropriate surveys and mitigation measures can be 
